Sleep disordered breathing is highly prevalent following spinal cord injury and likely caused by the injury. Beyond the devastating physical consequences of spinal cord injury, neuropsychological dysfunction is also common. In both the able-bodied and chronic spinal cord injury patients, sleep disordered breathing impairs many areas of neuropsychological function. However, this has not been investigated in patients with acute injury. Study objectives: To investigate the relationship between apnea severity and neuropsychological function in patients with acute-onset tetraplegia and sleep disordered breathing. Methods: Polysomnography and neuropsychological testing were performed on 104 participants (age M = 45.60, SD = 16.38; 10 female) across 11 international sites, 2 months postinjury (M = 60.70 days, SD = 39.48). Neuropsychological tests assessed attention, information processing, executive function, memory, learning, mood, and quality of life. Results: More severe sleep apnea was associated with poorer attention, information processing, and immediate recall. Deficits did not extend to memory. Higher preinjury intelligence and being younger reduced the associations with sleep disordered breathing; however, these protective factors were insufficient to counter the damage to attention, immediate recall, and information processing associated with sleep disordered breathing. Conclusions: These data suggest that new spinal cord injury may function as a model of "acute sleep apnea" and that more widespread sleep apnea-related deficits, including memory, may only be seen with longer exposure to apnea. These findings have important implications for functioning and skill acquisition during rehabilitation and, as such, highlight the importance of sleep health following tetraplegia.
INTRODUCTION
Spinal cord injury (SCI) is a debilitating injury that occurs in an estimated 250,000 to 500,000 new people worldwide every year. 1 Mortality following SCI has decreased over time, likely because of medical advancements and improved road and motor vehicle safety. 2 As such, an increasing number of people are living with SCI and require ongoing care for the primary and secondary complications of injury. Sleep disordered breathing (SDB) predominantly presents as sleep apnea and is prevalent following SCI, observed as early as 2 weeks postinjury, 3 and likely a direct consequence of the injury. 4 Up to 91% of patients with complete tetraplegia have SDB, despite few being clinically suspected of the disease. 5, 6 Several mechanisms for SDB following tetraplegia have been proposed, such as increased upper airway resistance, 4 impaired respiratory feedback from the rib cage, 4 alterations in ventilatory control and plant gain, 7 and diminished activation of intercostal, abdominal, and diaphragm muscles. 4, 8 In chronic tetraplegia, sleep onset hypoventilation, 9 obstructive, 7 and central apneas 7 have all been reported, 10 while in acute tetraplegia, obstructive and mixed events appear to predominate. 3, 11, 12 Reports, however, in both the acute and chronic, vary in methodology, scoring criteria, and participant characteristics, such that a clear pattern of the nature of SDB remains controversial.
Sleep disordered breathing impacts both respiration and continuity of sleep. It is the most common medical cause of daytime sleepiness and is strongly related to increased morbidity and mortality. 13 Independent of overt sleepiness, SDB is associated with increased cardiovascular risk 13, 14 and neuropsychological dysfunction. 15, 16 SDB leads to neuropsychological dysfunction via sleep fragmentation-related partial sleep deprivation, 17 the systemic effects such as intermittent hypoxia, 16, 18 or both. Neuropsychological dysfunction is observed immediately following even short-term sleep disturbance, with the greatest deficits seen in simple attention. 19 In the able-bodied, numerous reviews have detailed the adverse impact of SDB on neuropsychological functioning, including dysfunction in the domains of attention, information processing, executive function, memory, and learning. 16, [20] [21] [22] [23] In patients with chronic SCI, SDB is similarly related to neuropsychological dysfunction, 24 but this has not been investigated acutely following injury. As such, this study explored the hypothesis that more severe sleep apnea would be associated with worse neuropsychological function in patients with acute tetraplegia. Some of the results of this study have been previously reported in the form of an abstract.
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Statement of Significance
It is known that sleep disordered breathing is common in chronic tetraplegia and that it is associated with clinically significant neuropsychological deficits. It is highly likely that the cervical spinal cord injury per se causes upper airway dysfunction during sleep; however, the mechanisms are poorly understood. The current study provides novel insights into the neurocognitive deficits associated with sleep disordered breathing in acute tetraplegia, deficits that likely have implications for rehabilitation outcomes, and lifetime community functioning. Second, we propose that this unique model of "acute sleep apnea" may provide insights into the time course and development of the sleep disordered breathing-related neuropsychological deficits observed in other populations with a longer, typically indefinable, duration of sleep apnea.
METHODS
This study investigates the hypothesis using a proportion of the baseline data collected within the "Continuous positive airway pressure (CPAP) for Obstructive Sleep Apnoea in Quadriplegia" (COSAQ) study. COSAQ is a randomized controlled trial (trial registration: ACTRN12605000799651) being conducted in 11 spinal units, across 4 countries. 26 The study was approved by the Austin Health Human Research Ethics Committee, and informed consent was obtained from study participants. The COSAQ study recruited patients with acute, traumatic, tetraplegia, aged 18 or older, and with American Spinal Injury Association Impairment Scale (AIS) 27 A-D. Injuries by any traumatic means were included, and potential participants were approached as soon as medical stable (no tracheostomy or noninvasive ventilation). Exclusion criteria were:contraindication to CPAP use, significant head injury (Glasgow Coma Scale 28 <8), PACO 2 > 45 mmHg, inability to provide informed consent, likely inability to be followed up for final assessments, nonproficiency in English, and successful CPAP treatment for sleep apnea prior to injury.
Demographic ). The NAART is a test of nonphonetic reading ability strongly associated with IQ. The test battery assessed the domains of interest but were not be dependent on a motor response, aside from speech, given the severe physical disability of the participants. 26 An environment free from distractions and interruptions is critical for valid neuropsychological testing. The neuropsychological testing was performed at the bedside if the participant was in a single room or a separate location if the room was shared.
Participants were categorized as having mild-moderate (AHI <30) or severe sleep apnea (AHI ≥30). Statistical analyses were performed using IBM SPSS Statistics software. The a priori primary independent and dependent variables of interest were sleep apnea severity and PASAT performance (a sensitive measure of attention and information processing).
Between (sleep apnea severity) group comparisons were performed using independent samples t tests for demographic factors, sleep, and neuropsychological function. Linear regression analyses were performed to determine the factors significantly contributing to neuropsychological performance. For each neuropsychological measure dependent variable, three regressions were performed separately for the independent variables that would logically be colinear: Sleep apnea (mild-moderate = 0, severe = 1), Arousal (arousal index, AI), and Desaturation (≥4% oxygen desaturation index [4%ODI]). Within each of the three regressions, a priori covariates theoretically related to SDB or neuropsychological function were entered into the models. The covariates were: age, sex, medication use, days since injury, body mass index (BMI), preinjury apnea symptom frequency (MAPI-ASFI; the symptom scores of the MAPI only, see supplemental methods S1), and premorbid intelligence (NAART).
RESULTS
A total of 173 participants were enrolled into the study and underwent full, bedside PSG. In all, 38 had no significant SDB, and 31 did not proceed to neuropsychological testing (withdrew), leaving 104 with SDB who completed neuropsychological testing. Participants' premorbid intelligence fell below published normative data as determined by the NAART. 40 Sixty-two participants had severe (AHI ≥30) and 42 mild-moderate sleep apnea (AHI <30). Participants with severe sleep apnea were significantly older, with a higher BMI, more frequent sleep apnea symptoms prior to injury, and a higher likelihood of having sleep apnea prior to injury. No other demographic differences were observed between the groups (Table 1) .
Sleep was worse overall in participants with acute tetraplegia and SDB than previously reported in normative (healthy adults) cohorts (Table S1 in the supplemental results), 41 and worse in those with severe versus mild-moderate SDB (Table 2) .
Participants with more severe SDB performed worse on the PASAT, DS, SDMT, and the immediate recall trial of the RAVLT (Table 3) . Multivariate linear regression analyses showed that after accounting for covariates, SDB-related cognitive dysfunction was observed on the PASAT and DS forward (but not for the RAVLT, SDMT, or DS backward). For these significant associations, worse SDB was associated with poorer PASAT performance (sleep apnea severity Β = −21.10, NAART Β = 1.21, age −0.68, R 2 = 24%, p < .001) and poorer DS forward performance (NAART Β = 0.06, sleep apnea severity Β = −1.15, R 2 = 19%, p < .001). Conversely, more severe sleep apnea and more frequent desaturation were related to better RAVLT short-term memory performance (Age Β = −0.13, NAART Β = 0.11, sex Β = −3.00, sleep apnea severity Β = 1.77, BMI Β = −0.14, R 2 = 39%, p < .001; Age Β = −0.14, NAART Β = 0.11, sex Β = −2.85, 4% ODI Β = 0.05, BMI Β = −0.16, R 2 = 39%, p < .001). Psychological well-being was largely unaffected by indices of SDB, with the exception of HADS anxiety, where greater anxiety was significantly associated with more frequent arousal (AI Β = 0.08, R 2 = 11%, p < .001) but not with apnea or desaturation. Additional exploratory analyses were performed to investigate the premorbid intelligence of a small group of participants who performed unexpectedly well on the PASAT, given their severe SDB. Supplement results Figure S1 illustrate the way in which PASAT performance appeared to cluster by sleep apnea severity group. Outliers to the prominent clustering were those with good PASAT (>50% correct) performance, despite their high AHI (>30). These participants were found to have scored significantly higher on the NAART (M = 41.58, SD = 5.23) than all other participants (M = 32.22, SD = 13.57; t (36.55) = −4.48, p < .001).
Performance on the PASAT by participants with acute tetraplegia and SDB in this study was compared to performance across a variety of clinical samples 42 (Table 4) . Participants with acute tetraplegia and SDB commonly performed worse than many of the populations investigated in the literature.
DISCUSSION
This study found that more severe SDB was related to poorer attention, information processing, and immediate recall, even after controlling for factors that would logically influence this relationship. The effect of SDB on attention and information processing (PASAT) in the current study was substantial. Casecontrol studies have demonstrated that patients with mild TBI perform 11%-15% worse than healthy controls, and moderatesevere TBI patients 19%-39% worse. In the current study, participants with SDB and tetraplegia, and excluded for substantial head injury, performed 17%-35% worse than controls. 42 Based on the study regressions, participants with severe SDB had a reduction (relative to those with mild-moderate sleep apnea) in PASAT performance equivalent to the age-related decline that would be seen with 31 additional years of aging.
SDB causes neuropsychological dysfunction via sleep fragmentation, the systemic effects of SDB such as intermittent hypoxia, or both, and while SDB is treatable, some deficits appear only partially reversible with therapy. 16 Sleep fragmentation acts as partial sleep deprivation and impacts neuropsychological function similarly 17 but may be impermanent. 43 Conversely, intermittent hypoxia and reperfusion are believed to cause brain structural and functional changes that reduce performance capacity 16, 18 and may be more permanent. 43 The pattern of multivariate model results in the current study differed somewhat to deficits seen in able-bodied and chronic SCI groups. 16, [20] [21] [22] [23] [24] This is hypothesized to be due to the unique "acute-onset sleep apnea" seen in these patients with acute tetraplegia. While some degree of variability exists in the literature surrounding memory and SDB in the able-bodied population, memory was largely unaffected by indices of SDB in this acute tetraplegic group. Short-term memory performance was the exception, better in those with more severe sleep apnea and more frequent oxygen desaturations. This finding is considered likely to be a Type 1 error, given the incongruence and the non-significant univariate relationship between sleep apnea severity, ODI, and short-term memory. However, previous literature has suggested that intermittent hypoxia may improve memory, and this possibility cannot be dismissed. 44 Younger age is protective of cognitive impairment in the presence of SDB. 45, 46 Age and premorbid intelligence are important considerations in investigating the effect of SDB on neuropsychological function and likely contribute to the previously observed heterogeneity of results across the studies. In the current research, these factors were accounted for and their importance confirmed by the study data. It is therefore recommended that these factors be considered not only in future research but also in clinical care to identify persons particularly at risk of exhibiting SDB-related neuropsychological dysfunction. 16 Attention and information processing are the domains of neuropsychological functioning most consistently impacted by SDB. Memory, executive function, and psychomotor performance are also significantly impacted by SDB 16, 18 ; however, the associations may be modified by premorbid intelligence. 47, 48 Depression and, less consistently, anxiety may also be related to SDB, although the relationships are complex and likely bidirectional. 49, 50 The current study findings showed that some people with higher premorbid intelligence displayed good cognitive functioning, despite their severe sleep apnea. It is argued that higher intelligence can protect against the cognitive insult of SDB. 47, 48 In the current study, the participant premorbid intelligence as determined by the NAART was on average lower than published normative values for healthy controls. 40 Lower average intelligence may have exposed this group to a heightened risk of the cognitive deficits associated with SDB ( Figure S1 ).
Limitations to the current study include the lack of a control group, sedating medication use, and a hospital ward testing environment. As illustrated in Table 1 , there were no group differences in the proportions using potentially sleep affecting medications. Although the regression model partially controlled for this confounder, an effect cannot be categorically excluded. While the ward environment per se may have disrupted sleep, this was experienced by all participants equally and importantly, the SDB observed in this study led to the cardinal features of SDB, desaturation and arousal, similar to that observed in the able-bodied. Finally, the 1999 American Academy of Sleep Medicine scoring criteria 31 were used in this article rather than the current recommendations. 51 This was because the COSAQ study commenced prior to the new rules and because our previous research had defined sleep apnea (or not) according to these criteria.
Acute cervical SCI causes incident SDB, 3, 4 and as such we hypothesize that the current study may reveal the immediate effects of SDB on neuropsychological functioning in this model of "acute-onset sleep apnea." An acute sleep apnea model is also consistent with the observation that the more widespread effects, in particular memory deficits, found in other groups who have likely had SDB for longer were not observed in the current study. These results support this interpretation, although the lower age at SDB onset in this group may confound this association, and the correlational nature of the data in the current study precludes causal inferences.
Chronic deficits may also be less reversible with treatment over time. In this group of patients with acute tetraplegia and SDB, treating SDB with CPAP may not only act to reverse the acute sleep apnea-related deficits but also prevent the deficits likely to develop as a result of ongoing SDB over time. With very limited physical functioning, the importance of maximizing neuropsychological functioning in patients with tetraplegia is unquestionable.
Regardless of treatment, improved understanding of SDB and related deficits is imperative. Knowledge of the high prevalence of SDB following tetraplegic SCI and identifying those with heightened risk of neuropsychological deficits (older age and lower premorbid intelligence) is clinically important. Maximizing neuropsychological functioning early following injury may contribute to better understanding of new life circumstances, maximizing rehabilitation potential and learning the new skills required to successfully reintegrate into the community.
